The study of genetic and phenotypic variation is fundamental for understanding the dynamics of bacterial genome evolution and untangling the evolution and epidemiology of bacterial pathogens. Neisseria meningitidis (Nm) is among the most intriguing bacterial pathogens in genomic studies due to its dynamic population structure and complex forms of pathogenicity. Extensive genomic variation within identical clonal complexes (CCs) in Nm has been recently reported and suggested to be the result of homologous recombination, but the extent to which recombination contributes to genomic variation within identical CCs has remained unclear. In this study, we sequenced two Nm strains of identical serogroup (C) and multi-locus sequence type (ST60), and conducted a systematic analysis with an additional 34 Nm genomes. Our results revealed that all gene content variation between the two ST60 genomes was introduced by homologous recombination at the conserved flanking genes, and 94.25% or more of sequence divergence was caused by homologous recombination. Recombination was found in genes associated with virulence factors, antigenic outer membrane proteins, and vaccine targets, suggesting an important role of homologous recombination in rapidly altering the pathogenicity and antigenicity of Nm. Recombination was also evident in genes of the restriction and modification systems, which may undermine barriers to DNA exchange. In conclusion, homologous recombination can drive both gene content variation and sequence divergence in Nm. These findings shed new light on the understanding of the rapid pathoadaptive evolution of Nm and other recombinogenic bacterial pathogens.
Introduction
Neisseria meningitidis (Nm), a leading cause of bacterial meningitis (Stephens et al. 2007) , has long been recognized to have a dynamic population structure due to its substantial genomic plasticity (Caugant et al. 1986; Smith et al. 1993; Holmes et al. 1999) . A multi-locus sequence typing (MLST) scheme, based on the sequence similarity of DNA fragments from seven housekeeping genes, is widely used for classification of Nm. Isolates can be identified as sequence types (STs) and then grouped into clonal complexes (CCs) by their similarity to a central allelic profile (Maiden et al. 1998 ). Fine-scale relationships can be further obtained by analyzing more loci or a large amount of shared genomic sequences (Touchon et al. 2009; Bennett et al. 2012; Jolley and Maiden 2013) .
The genomic diversity of Nm has been shown to be extensive at the levels of both gene content variation and sequence diversity (Schoen et al. 2008 (Schoen et al. , 2009 Budroni et al. 2011) . This is attributed to the natural competence of Nm cells for transformation and homologous recombination (Chen and Dubnau 2004; Findlay and Redfield 2009) . In fact, a high frequency of homologous recombination was consistently observed in a variety of Nm studies (Feil et al. 1999; Holmes et al. 1999; Vos and Didelot 2009; Hao et al. 2011; Joseph et al. 2011) . Homologous recombination can bring mutations arising in different genomes together and have a strong impact on pathogenic adaptation (Marri et al. 2010; Moradigaravand and Engelstadter 2012) . For instance, recombination was found in the penicillin-binding-protein-2 gene penA (Bowler et al. 1994) , in capsule gene cluster and vaccine-target genes , and other virulence-associated genes Joseph et al. 2011) . Extensive genomic variation has been evident between strains of identical STs in Nm ) and other bacterial pathogens Paul et al. 2013) . The unexpectedly high level of dissimilarity but short divergence time between strains of identical STs provide an excellent system to address how homologous recombination drives genomic variation during bacterial genome evolution.
The restriction and modification system (RMS) in bacteria generally consists of a sequence-specific restriction enzyme (restriction endonuclease) and a modification enzyme (methyltransferase) encoded by adjacent genes on the chromosome (Wilson and Murray 1991) . It is well appreciated that RMSs play an important role in protecting bacteria from the invasion of foreign DNA, such as bacteriophage (Wilson and Murray 1991; Bickle and Kruger 1993) . RMSs have been suggested to serve as a barrier to genetic exchange between Nm strains (Jeltsch 2003; Budroni et al. 2011) , but the role of RMSs in limiting recombination between subpopulations within a species remains subject to debate (Fraser et al. 2007 ) and many homologous recombination events between different CCs of Nm have previously been documented (Feil et al. 1999; Holmes et al. 1999; Hao et al. 2011) . It is therefore important to systematically examine the significance of RMS in limiting DNA exchange in Nm.
In this study, we sequenced two invasive Nm strains, Nm10259 and Nm9418, both of which belong to the same ST (ST60) and the same serogroup (C). Previous Nm sequencing efforts have primarily focused on the serogroup B strains (Budroni et al. 2011 ) and the serogroup C strains are significantly underrepresented in the published genomes. Furthermore, no ST60 strains have been sequenced. The genomic information of this pair of ST60 genomes would be an excellent source for understanding Nm genomic diversity and could also provide insights on the rapid genomic changes between very closely related pathogens. We identified 35 genes, clustered in nine genomic regions, which were not shared between the two ST60 strains. All of these nine genomic regions exhibited hallmarks of homologous recombination at their conserved flanking genes. Our analysis also identified 152 genes that were present in both ST60 strains but differed significantly at the sequence level due to homologous recombination. These 152 horizontally acquired homologous genes, described as nonvertical genes in this study, contributed to approximately 94.25% of sequence divergence between the two ST60 genomes. Furthermore, many of the genes that have undergone homologous recombination have functions associated with pathogenicity. This suggests a significant role of homologous recombination in driving genomic variation at both the sequence level and gene content level. Homologous recombination has affected many RMS genes, which may undermine their function as a barrier to DNA exchange. Our findings suggest a transient role of RMSs in preventing homologous recombination between Nm clades.
Materials and Methods

Genomes Sequenced and Analyzed
The two invasive Nm strains, Nm10259 and Nm9418, were isolated in Ontario, Canada. Nm10259 was isolated from the blood of a 21-year-old woman in 2005, and Nm9418 was a cerebrospinal fluid isolate obtained from a 33-year-old man in 2006. Genome sequences were generated using GS-FLX pyrosequencing (Roche, 454 Life Sciences, Brantford, CT). Draft genomes were assembled using gsAssembler (Roche) and CAP3 (Huang and Madan 1999) with the help of the Phred/ Phrap/Consed package (Gordon et al. 2001 ) as in Hao et al. (2011) . The two draft genomes have been submitted to GenBank and the accession numbers are ARYF00000000 (Nm10259) and ARYG00000000 (Nm9418). Publically available genome sequences for additional 34 Nm, 1 N. lactamica (Nl), and 3 N. gonorrhoeae (Ng) strains were obtained from GenBank (supplementary table S1, Supplementary Material online).
Homolog Identification and Genome Comparisons
Annotated genes from the Nm genomes NEM8013, Z2491, MC58, FAM18, 053442, and alpha14 were downloaded from the NeMeSys database (Rusniok et al. 2009 ), as these genomes were manually (re)annotated and believed to be more accurate than the corresponding initial annotation. Annotated ORFs in other Nm genomes, when not present in the NeMeSys genomes, were also extracted. These annotated genes were used as query sequences to determine homologs in Nm10259 and Nm9418. Genes were categorized based on the Clusters of Orthologous Groups of proteins (COG) classification (Tatusov et al. 2000) . Homologs were identified by a BlastN search (Camacho et al. 2009 ) with a cut off of E value <10 À20 and at least 85% length match. DNA sequences in Nm10259 and Nm9418 without any match in other Nm genomes, when larger than 200 nucleotides, were used to Blast against the UniProtKB/Swiss-Prot database in a BlastX search and the Reference Genomic Sequences database in a BlastN search at NCBI to identify putative function and likely origin.
Phylogenetic Analyses
Homologous sequences were aligned using the MUSCLE program (Edgar 2004) . Pairwise DNA distance was measured using Dnadist implemented in the PHYLIP package v3.6 (Felsenstein 1989) . Phylogenetic trees were constructed using the RAxML program (Stamatakis 2006 ) under a GTR + À + I substitution model. In each phylogenetic reconstruction, 100 bootstrap iterations were performed. The phylogenetic relationship of the 36 Nm strains was first constructed using the concatenated sequences of 1,069 single-copy genes present in all 36 Nm genomes and 3 Ng genomes, with the Ng genomes as the outgroup. Then, all single-copy genes present in all 36 Nm genomes (1,090 genes in total) were examined, regardless of the presence of any homologs in the 3 Ng genomes. An unrooted tree was constructed using the concatenated sequences of the 1,090 genes. A phylogenetic tree was also constructed based on the allelic profile of all the 1,090 genes as described in Jolley and Maiden (2010) . In brief, the number of different alleles between any two Nm genomes was treated as pairwise distance and computed using the neighbor-joining algorithm (Saitou and Nei 1987) implemented in the PHYLIP package (Felsenstein 1989) . A network relationship of the 36 Nm genomes based on the concatenated sequences of the 1,090 genes was constructed using SplitsTree4.12.6 (Huson and Bryant 2006) .
Analysis of the MLST Loci
The sequences of the seven MLST loci, namely abcZ, adk, aroE, fumC, gdh, pdhC, and pgm, were downloaded from the PubMLST website (Jolley and Maiden 2010) , and used as query sequences to Blast and extract the corresponding loci from all studied genomes. Maximum likelihood trees were constructed for each individual MLST locus and also for the concatenated sequence of the seven MLST loci. The concatenated sequence was further analyzed using the ClonalFrame package (Didelot and Falush 2007) to infer relationships of the 36 Nm genomes and detect homologous recombination along the seven MLST loci.
Identification of Nonvertical Homologous Genes in ST60
Nonvertical gene transfer refers to the horizontal acquisition of genes by each of the ST60 genomes via homologous recombination. The term nonvertical is preferred because it avoids any assumption of gene origin, whereas horizontal gene transfer is often used to designate DNA exchange between species. Polymorphic single-copy genes between Nm10259 and Nm9418 were extracted and examined for nonvertical evolution, which was based on the probability of nucleotide changes in each examined gene at a maximally allowed genome-wide divergence given the observed identical seven MLST loci Hao 2013) . In brief, if all nucleotide differences between two genomes of identical STs were derived from independent random point mutations, there would exist an upper bound of genome-wide nucleotide divergence at which it was still possible to observe identical nucleotides in all seven MLST loci. Homologous genes that had greater than expected nucleotide changes at a significance level of P < 0.001 were deemed as nonvertical genes. In this study, all nonvertical genes were determined by unexpected nucleotide changes between the homologs in Nm10259 and Nm9418 as described here.
Identification of Recombination Partners of the ST60 Genomes
To infer the possible recombination partners of the ST60 strains, we first employed a stringent criterion that sequences in other Nm genomes were required to be identical to the ST60 genes. The number of identical sequences with the ST60 genes was counted for each strain and an average was obtained from all strains of the same CC. The analysis was conducted on the nonvertical ST60 genes as well as the genes identical between Nm10259 and Nm9418. As the nonvertical homologs are different between Nm10259 and Nm9418, genes from both genomes were examined. To make the results comparable, only single-copy genes present in all 36 Nm genomes were examined. Identical sequences were determined by zero DNA distance to encounter possible homopolymer sequencing errors ). Furthermore, a less stringent criterion was employed for recombination partner identification. Instead of requiring identical sequences between the ST60 and non-ST60 strains, the recombination partners were determined by the non-ST60 strains with the nearest DNA distance to the ST60 homologs.
Identification and Analysis of RMSs
The sequences of all documented DNA endonuclease (restriction) and DNA methyltransferase (modification) genes in Nm were downloaded from the REBASE database (Roberts et al. 2010 ) and used as query sequences in a BlastN search to identify homologs. EcoPI-ModA (or ModA), EcoPI-ModB (or ModB), and EcoPI-ModD (or ModD) contain phase-variable repeats, which can confound the identification of these RMSs (Srikhanta et al. 2009; Seib et al. 2011; Gawthorne et al. 2012) . Sequences of all allele types from ModA, ModB, and ModD (Srikhanta et al. 2009; Seib et al. 2011; Gawthorne et al. 2012 ) have been downloaded to search for homologs. An RMS was identified as present when both the restriction and modification genes were present and adjacent on the chromosome. If either the restriction or modification gene was truncated or disrupted by large internal insertion or deletion, the RMS was classified as disrupted. Possible frame-shift mutations and phase variation in the restriction and modification genes, which could also be explained by sequencing errors, were not classified as disrupted (Budroni et al. 2011) . The presence/absence pattern of each RMS was determined in all the studied Nm genomes. Phylogenetic incongruence between the restriction and modification genes of each RMS was examined by the approximately unbiased (AU) test (Shimodaira 2002) implemented in the CONSEL program (Shimodaira and Hasegawa 2001) .
To examine the role of RMSs in homologous recombination, we first examined the NmeSI system in the CC41/44 clade. We chose NmeSI, because NmeSI is only present in CC41/44 and CC22/CC167, and likely to be functional, as newly acquired RMSs are often initially active but gradually inactivated during evolution (Bart et al. 2001; Lin et al. 2001) . Genes containing NmeSI recognition sites (5 0 -AGTACT-3 0 ) were detected using a custom PERL script. Homologous recombination events between the NmeSI-containing clades and the NmeSI-lacking clades were identified. We further identified two genes only present in ST60 (ST60-specific). Together with the modification gene of EcoPI-ModD1 only present in three of the five CC41/44 strains, we determined whether these clade-specific genes contained the recognition sites of any RMSs present in the clade.
Results
Well-Supported CCs but Poorly Resolved Deeper Relationships
On the phylogenetic tree of the concatenated sequences of 1,069 single-copy genes present in all 36 Nm genomes and 3 Ng genomes ( fig. 1A) , clades of individual CCs were all supported by a 100% bootstrap value, whereas deeper relationships among different CCs were weakly supported. Similarly, a poor deep phylogenetic relationship was observed when using all single-copy genes (1,090 genes in total) shared by the 36 Nm genomes (fig. 1B) . The 21 additional genes included in figure 1B were genes absent from at least one Ng genome. Three clades containing more than one CC were supported by a 100% bootstrap value. Among these clades, CC4/CC5 (Z2491/WUE2594), CC8/CC11, and CC32/CC269, the latter two clades have been previously reported in Budroni et al. (2011) . Nm10259 and Nm9418 were always clustered together, but they were clustered together with a different CC on each phylogeny, for example, with N1568 in figure 1A and with alpha14 in figure 1B .
The seven MLST loci in the 36 Nm strains were analyzed using the ClonalFrame program. The majority rule consensus tree clustered the two ST60 strains with the CC41/44 clade ( fig. 1C ). Homologous recombination was evident in at least one MLST locus on all branches leading to individual CCs (supplementary fig. S1 , Supplementary Material online). Phylogenetic analysis was performed on each individual locus and the concatenated sequence of the seven MLST loci, and significant phylogenetic incongruence was found between each individual-gene tree against the concatenatedsequence tree (supplementary table S2, Supplementary Material online). Furthermore, the phylogeny based on the allelic profile of the 1,090 single-copy genes showed different deeper relationships and the two ST60 strains were clustered with NEM8013 ( fig. 1D) . Similarly, the network analysis revealed an overall star-like topological structure with a weblike structure at the deep relationship level (supplementary fig.  S2 , Supplementary Material online). The poorly resolved deep relationships could be explained by selective sweeps, rapid population growth, and high levels of recombination in Nm populations, all of which can remove phylogenetic signals (Smith et al. 1993 ).
Variation of Genomic Content between the ST60 Genomes
Nm10259 and Nm9418 shared almost identical gene content, except 15 Nm10259 genes absent from Nm9418 and 20 Nm9418 genes absent from Nm10259 ( fig. 2 ; supplementary table S3, Supplementary Material online). These 35 variable genes were located between conserved flanking genes in nine regions, and each region contained up to eight genes (figs. 2A-I ). Among the nine gene regions, five harbored distinct genes between Nm10259 and Nm9418, while four harbored genes in one genome that were missing from the other. It is striking that none of these regions were truly unique to Nm10259 or Nm9418. For each, a region with identical gene organization was found in at least one other Nm genome ( fig. 2J ). Homologous recombination at the conserved flanking genes would account for this phenomenon whereby gene organization was identical between distantly related genomes but different between the closely related ST60 genomes. These regions displayed characteristics of minimal mobile elements, which were defined as variable regions among the closest relatives in sequence composition and gene content between specific conserved flanking genes (Saunders and Snyder 2002; Snyder et al. 2007 ). Among the nine regions, only the glnD-guaB region ( fig. 2H ) has been previously identified (Snyder et al. 2007) .
Although a majority of the variable genes were poorly characterized (2 genes in the COG category R, 4 genes in the COG category S, and 24 genes not in COG), some genes are most likely of functional significance (supplementary table S3, Supplementary Material online). Two clustered-regularly interspaced short palindromic repeats (CRISPR) coupled with CRISPR-associated protein genes cas1 and cas2 were found in the gph-dnaE region in Nm10259 ( fig. 2A ). The CRISPR/Cas system has been described as a bacterial immune system for protection against potentially dangerous foreign DNA molecules such as bacteriophages (Makarova et al. 2006; Barrangou et al. 2007 ). The presence/absence polymorphism of the CRISPR/Cas system between Nm10259 and Nm9418 suggested a rapid alteration of immune ability between very closely related genomes facilitated by homologous recombination. The nadA gene, encoding an adhesin/invasin auto-transporter, was found in the glnB-NMB1993 region in Nm10259 but absent from Nm9418 ( fig. 2F ). The nadAencoded protein is one antigen-target of the newly developed four-component 4CMenB vaccine (Toneatto et al. 2011) . Here, both the glnB and NMB1993 genes are among the identified nonvertical ST60 homologs (discussed later) that underwent homologous recombination, and the nadA gene sequences varied substantially in Nm (fig. 3 ). The fast turnover of both the nadA sequences and sequence types in Nm can rapidly alter human host immune response and affect vaccine efficacy. Taken together, gene content variation via homologous recombination at the conserved flanking genes could lead to antigenic shift and modify the resistance to foreign DNA and virulence of the pathogenic strains.
Nonvertical Homologs in ST60 Acquired from Non-ST60 Strains
The Nm10259 and Nm9418 genomes shared 1,745 singlecopy genes, and two of those genes were not found in any of the other 34 Nm genomes but shared homologs in Neisseria species other than Nm (table 1). Out of the 1,745 genes, 1,424 genes (81.6%) showed 100% nucleotide identity and 321 genes were polymorphic between Nm10259 and Nm9418. Among the 321 polymorphic genes, a subset of 152 genes was determined to be nonvertical genes. These nonvertical ST60 genes are predicted to have been acquired via homologous recombination and thus may have originated from, or exhibit homology to, genes in non-ST60 strains. figure 1A is shown on the left of the alignment. As glnB and NMB1993, in most of the genomes, were found adjacent to each other but on the opposite strand, the coordinates for glnB and NMB1993 are shown following the direction of the genomic sequence (same with the direction of glnB). The glnB gene was not found in the 961-5,945 genome (labeled as *). (B) The nadA sequences varied substantially among the Nm genomes. The nadA sequences labeled in black were found in five genomes; the ones in blue were disrupted as they were found on two different contigs; the one in green was disrupted by IS1301; the one in gold was truncated in 961-5,945, and its adjacent gene glnB was also not found in the draft genome; the ones in cyan were involved in an internal deletion; the ones in magenta and in red contained a region which is nonhomologous with the nadA in black, and the region is tandem-repeated in the magenta ones. fig. S5B , Supplementary Material online). Similarly, we have previously shown that fine-scale recombination does not always lead to phylogenetic incongruence, but sometimes causes significant branch elongation (Hao and Palmer 2011) , which was indeed observed in both murF and kpsF (supplementary fig. S4 , Supplementary Material online). In other words, the detection of nonvertical genes was very reliable, and the nonvertical homologs in ST60 have undergone homologous recombination at both the gene and subgenic levels. The 152 nonvertical genes predicted to have undergone direct homologous recombination were distributed in 20 different functional COG categories (supplementary fig. S6 , Supplementary Material online), and 43 nonvertical genes were classified in COG categories R (general function prediction only) and S (function unknown), or not classified in COG (the full list is available at http://haolab.wayne.edu). In contrast, among the 35 variable genes between Nm10259 and Nm9418 (supplementary table S3, Supplementary Material online) that arose from homologous recombination at the conserved flanking genes, 29 variable genes were classified in COG categories R and S, or not classified in COG. The higher proportion of nonvertical genes of well-characterized function than that of variable genes is statistically significant (P ¼ 0.0006, Fisher's exact test). In other words, though both associated with homologous recombination with non-ST60 strains, the nonvertical ST60 genes were more likely involving genes of characterized function than the variable genes that distinctly present in only one of the ST60 strains.
Putative virulence genes have been identified in previous studies (Parkhill et al. 2000; Tettelin et al. 2000; Marri et al. 2010) . In this study, 12 nonvertical genes (supplementary table S4, Supplementary Material online) were among the previously identified putative virulence genes. These genes include the antigenic outer membrane gene porB, pilin glycosylation genes pglC and pglD, iron transporter substrate-binding protein gene fetB, transferrin binding protein gene tbpB, and DNA-binding/iron metalloprotein/AP endonuclease gene gcp. Homologous recombination events in these virulence genes would create antigenic variation, produce novel virulence adaption in disease epidemiology, and contribute to pathoadaptive diversification. Furthermore, 11 genes of the 14-gene nuo gene cluster, which encodes subunits of the NADH dehydrogenase complex I, were identified as nonvertical in ST60. The ClonalFrame analysis revealed that homologous recombination has taken place in different sets of genes in the nuo gene cluster on different lineages (supplementary fig. S7, Supplementary Material online) . Given the important function of NADH dehydrogenase, the highly dynamic nature of the nuo gene cluster is likely of significant functional consequence in Nm.
Nonvertical Genes and Sequence Diversity
Single-nucleotide polymorphisms (SNPs) were counted in the single-copy genes shared between Nm10259 and Nm9418. In total, 6,174 SNPs were found in the 321 polymorphic genes. Among the 6,174 SNPs between Nm10259 and Nm9418, 5,819 SNPs (94.25%) were in the subset of 152 nonvertical genes. In other words, 94.25% of SNPs observed between Nm10259 and Nm9418 were associated with homologous recombination but not point mutations. Thus, homologous recombination plays a major role in driving sequence diversity during Nm genome evolution.
Different Recombination Partners between the Nonvertical and Identical Genes in ST60
To identify the possible recombination partners of the ST60 genes, sequences identical with the ST60 genes were identified in other Nm genomes. When a non-ST60 Nm genome had sequences identical with a ST60 gene, we considered the non-ST60 genome as a putative recombination partner of the ST60 genome for the analyzed gene. Recombination partners were successfully identified for 462 identical ST60 genes (i.e., genes identical between both strains), 37 nonvertical genes in Nm10259, and 29 nonvertical genes in Nm9418 (fig. 4) . The recombination events involved in the nonvertical ST60 genes most likely have occurred after the split between Nm10259 and Nm9418, while the recombination events involved in the identical ST60 genes most likely have occurred before the two genomes split. It is possible that there is more than one recombination partner of a single ST60 gene due to multiple recombination events involving the same sequence. The recombination partners of the identical ST60 genes were distributed in all analyzed CCs, ranging from 59 to 122 identical genes in each CC with the highest number in CC8. The nonvertical ST60 genes, however, showed a significantly different distribution of recombination partners from the identical ST60 genes (P ¼ 0.0008, w 2 test). The highest number of recombination partners of the nonvertical ST60 genes was found in CC11 ( fig. 4 and supplementary fig. S8 , Supplementary Material online). As the data were averages of all strains in each CC, the results were not an artifact of the high number of sequenced genomes in CC11. In this study, no attempt was made to infer the directionality of individual recombination events, as recombination is very frequent and also there is no well-supported closely related clade to the ST60 strains. It is noteworthy that separate analyses of the recombination partners on Nm10259 and Nm9418 both revealed the highest numbers of recombination partners of the nonvertical genes consistently found in CC11 (data not shown).
Highly Dynamic RMSs
The 28 RMSs identified in this study were distributed sporadically among the Nm genomes, and none of the RMSs were shared by all 36 genomes ( fig. 5) . The most abundant RMSs are Nme53442ORF787P and NlaIV, which were found in 34 of the 36 Nm genomes. Seven RMSs were only found in a single genome. Different RMS combinations were evident among different CCs, and even within the same CC. For instance, among the five strains in the CC41/44 clade, M0579 and alpha710 carried the EcoPI-ModB1 system, M01-240149 and NZ-05/33 contained the EcoPI-ModB2 system, while OX99.30304 carried the EcoPI-ModB3 system. Interestingly, there was no evidence of M0579 and alpha710 being clustered together within the CC41/44 clade ( fig. 1 ). This suggests that RMSs are highly dynamic during Nm genome evolution.
RMSs were disrupted in the forms of partial gene deletion, internal sequence duplication, and insertion (IS) elements ( fig. 5 ). For example, a 1,025-nucleotide deletion in the modification gene of the Nme53442ORF1140 system was found in both Nm3127 and Nm8187. The NmeAI restriction gene in N1568 was interrupted by an IS element ISNme3. Tandem repeats of a 411-nucleotide region were found in the NlaIV restriction gene (nucleotide positions 173-583 and 584-994) in M04-240196. As disrupted genes, truncated genes, and IS elements are often rapidly removed from the genome (Wagner 2006; Golding 2009, 2010) , the high number of disrupted restriction and modification genes would support a fast turnover of the RMSs.
Among the 28 RMSs, 15 RMSs were present in more than four genomes. Phylogenetic incongruence was examined between the modification and restriction genes of each RMS. It is striking that phylogenetic incongruence was found between the restriction and modification genes of the same RMS (see fig. 6 for examples), which suggests that the restriction and modification genes of the same RMS in the same strain could be of different origins. The AU test revealed significant phylogenetic incongruence between the modification and restriction genes in 10 RMSs (table 2) . For instance, the modification gene of the Nme18ORF295P system in N1568 is identical with M01-240355, whereas the restriction gene of Nme18ORF295P in N1568 is identical with genomes in CC11 (from K1207 to FAM18 in fig. 6 ). The CC11 genomes and N1568 shared an IS1655 insertion (also identical in sequence) between the restriction and modification genes of Nme18ORF295P ( fig. 6A ). The NmeAI system contains three genes, the modification gene, restriction gene, and a patch repair gene (fig. 6B ). The three genes showed different evolutionary origins from one another. ATCC13091 and alpha14 shared identical modification genes of NmeAI, the restriction gene in ATCC13091 differed from alpha14 by 47 nucleotides, and the short patch repair genes only differed by one nucleotide between ATCC13091 and alpha14. The nonsignificant P value ¼ 0.091 in the AU test (table 2) between the restriction gene and short patch repair gene is likely due to the lack of statistical power of the short patch repair gene.
Inefficient or Transient Function of RMSs
Clade-specific genes, which are mostly recently acquired genes, were examined for the recognition sites of the RMSs present in the clade. The ST60-specific gene NLA_20160 was found to have the recognition sites of NmeAI, which was present in both ST60 genomes. The NMBM01-240149_1214 gene, which encodes the EcoPI-ModD1 modification gene, is only present in three of the five CC41/44 genomes, suggesting recent acquisition of EcoPI-ModD1. Both ends of this gene share homology with the EcoPIModD2 or EcoPI-ModD3 (in N. lactamica) modification gene, while no homology was found at the middle of the gene among the three ModD types (fig. 7) . The 3 0 633-nucleotide region in the M0579 strain differs from the other two C44/44 strains by 53 nucleotides, and all these 53 changed nucleotides can be found in the EcoPI-ModD2 gene in CC22 or the EcoPI-ModD3 gene in N. lactamica ( fig. 7) . A feasible explanation is that the 3 0 region into the M0579 strain results from a more recent acquisition after the acquisition of EcoPIModD1 into the ancestor of the three CC41/44 strains. As both acquisition events in the EcoPI-ModD1 sequence occurred after the split of CC41/44, the recognition sites the sequences carry might provide useful insight into the functionality of the RMSs present in CC41/44. We observed that the 3 0 633-nucleotide region in M0579 and the nonhomologous region in the three CC41/44 strains contain the recognition sites of NmeBI, which is present in CC41/44 but absent from CC22 and N. lactamica ( fig. 7) . This suggests that genes containing the recognition sites of a RMS cannot be completely prevented from transferring into the genome by the present RMS.
A previous study has shown that recently acquired RMSs would be active, whereas more ancient ones would be inactivated during bacterial genome evolution (Lin et al. 2001) . We chose the NmeSI system for detailed analysis, as the NmeSI system was only found in eight strains from two clades, CC22/CC167 and CC41/CC44 ( fig. 5) . All the NmeSI genes were identical at the sequence level except a structural disruption in the restriction gene in Nm6938 (supplementary fig. S9, Supplementary Material online) , suggesting a relatively recent acquisition of this system and therefore likely active function (Lin et al. 2001) . In fact, the functionality of the NmeSI system has been experimentally verified in an Nm strain (Bart et al. 2001) . Among the single-copy genes present in all 36 Nm genome, 21 genes contained the To examine the incongruence between the restriction and modification gene-phylogenies of each RMS using both the restriction sequences and the modification sequences, 10 iterations of the AU test were performed. The median P value of the 10 iterations of each test was selected, and the larger (or less significant). P value is shown for each sequence-pair. If an RMS contained a third gene linked to the restriction or modification genes, the AU test was also performed between this third gene and the adjacent restriction or modification gene (shown as other). b NS, not significant. c There were two modification genes in the NmeBI system. The P value was between the second modification gene and the restriction gene. The system contained a short patch repair gene encoding a type II nicking enzyme in addition to the restriction and modification genes. The P value was between the patch repair gene and the restriction gene. The system contained a gene encoding a control protein in addition to the restriction and modification genes. The P value was between the control protein gene and the restriction gene.
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FIG. 6.-Sequence alignments of two RMSs, Nme18ORF295P (A) and NmeAI (B). Only informative sites are shown with the coordinates at the top. The topology from figure 1A is shown on the left of each alignment. The letters in parenthesis indicate the gene organization in each strain (supplementary figs. S10A and D, Supplementary Material online). The restriction and modification genes of Nme18ORF295P were separated by IS1655 in six genomes, and the coordinates for the restriction and modification genes were counted separately for each gene. IS element was observed in only one strain for the NmeAI system, the coordinates were counted by the NmeAI system as a whole.
recognition sites (5 0 -AGTACT-3 0 ) of NmeSI. In 12 of these 21 genes, identical sequences were found between at least one NmeSI-containing strain and one NmeSI-lacking strain, suggesting recombination between the NmeSI-containing and NmeSI-lacking strains. For instance, M0579 contained the NmeSI system and shared two genes (NMB0868 and frr; fig. 8 ) identical with Nm10259, which is lack of NmeSI. As both genes in M0579 contain the NmeSI recognition sites and are relatively distinct from the homologs in other CC41/ 44 strains and the NmeSI recognition sites are not located within the region of possible recombination breakpoints, it is likely that the NmeSI system in M0579 has not been completely efficient in preventing the introduction of recognition site-containing sequences. The evolutionary role of RMSs as a barrier to DNA exchange, if any, might be inefficient and/or transient. 1A and B) supported the grouping of each CC with a 100% bootstrap value. However, deeper relationships were weakly supported, and different deeper relationships were evident when a slightly different number of genes were used in the phylogenetic construction (e.g., 1,069 vs. 1,090). These findings are an interesting exception to the expectation in phylogenomic analysis that a large number of concatenated genes generally lead to robust phylogenies with high bootstrap supports (Rokas et al. 2003) . Our explanation is that the high frequency of recombination in Nm resulted in conflicting phylogenetic signals and the addition of recombinant genes into the concatenated sequences could have weakened the overall phylogenetic signal. In previous studies, unreliable phylogenetic reconstruction of concatenated genes has been demonstrated in the presence of horizontal gene transfer (Jeffroy et al. 2006; Lapierre et al. 2013) .
NMB0868
The primary focus of this study was on the genes with very strong phylogenetic signals for homologous recombination. We did not attempt to identify the genes that have never been horizontally recombined, because 1) the deep relationship in Nm is unknown such that it would be challenging to accurately identify the bona fide vertically inherited genes in all Nm genomes; 2) the number of vertically inherited genes conserved among all 36 Nm genomes is likely to be very small. In this study, among the 1,090 genes present in all 36 Nm genomes, 86 genes, on the conservative side, have been identified as nonvertical (7.89%) between the two ST60 genomes. Assuming the same fraction (x ¼ 7.89%) of genes under homologous recombination in each genome and the recombinant genes are randomly distributed then, as shown in Hao (2012) , among all 36 Nm genomes, the proportion of genes that have never been affected by homologous recombination among the 36 genomes will be (1 À x) 36 , which is only 5.19% with x ¼ 0.0789.
In this study, frequent homologous recombination was evident on multiple branches of the phylogeny in many genes, including the seven MLST loci (supplementary fig. S1 , Supplementary Material online). In contrast to the highly frequent recombination observed in the MLST loci among the Nm strains, Hanage et al. (2005) have reported that, by concatenating the seven MLST loci, most Neisseria species can be delineated. Although this may seem contradictory to the findings presented here, it is possible that the recombination frequency has been greatly reduced between Neisseria species and some phylogenetic signal is preserved at the species level, given the fact that the frequency of homologous recombination correlates positively with nucleotide sequence similarity and decreases sharply with the level of relatedness between the two parental sequences (Majewski and Cohan 1999) .
Given the poorly resolved deeper relationships in Nm, the phylogenetic position of the two ST60 strains varied among the four phylogenies ( fig. 1) . The strains that clustered most closely with the ST60 strains were N1568 ( fig. 1A), alpha14  (fig. 1B) , the CC41/44 clade ( fig. 1C), and NEM8013 (fig. 1D ), respectively. In other words, the clade most closely related to the two ST60 strains could not be reliably identified. The wellsupported grouping of individual CCs was likely due to the high genome-wide similarity within each CC and should not be interpreted as contradictory to the observed extensive homologous recombination. In fact, at least 152 nonvertical genes have been acquired into ST60 from other CCs via homologous recombination.
Homologous Recombination Solely Drives Gene Content Variation in ST60
The 35 genes variable between Nm10259 and Nm9418 were clustered in nine regions and flanked by conserved genes. These regions were not unique such that the gene organizations observed in each of the two ST60 strains were also found in at least one other Nm genome. All the genes flanking both sides of each of the nine variable regions between Nm10259 and Nm9418 have undergone homologous recombination, as they were all among the 152 identified nonvertical genes. Homologous recombination of conserved flanking regions has been previously proposed to contribute gene content variation (Lawrence and Retchless 2009; Polz et al. 2013 ). In our study, the gene content variation between Nm10259 and Nm9418 was solely due to homologous recombination at the conserved neighbor genes. Therefore, homologous recombination could have played a much more significant role in driving gene content variation than previously appreciated.
Although a majority (29 of 35, or 82.86%) of the variable genes were poorly characterized, some genes are of clear physiological significance, including the nadA gene. This is consistent with the hypothesis that many recently acquired genes are under rapid and relaxed evolution, and a few genes are of adaptive value (Hao and Golding 2006) . The NadA protein is one antigen target of the newly developed four-component 4CMenB vaccine (Toneatto et al. 2011 ). It has been previously shown that the nadA gene is not present in all Nm strains (Lucidarme et al. 2010) . Our current findings suggest that homologous recombination facilitates the rapid turnover of both the nadA sequences and sequence types, and thus can quickly alter human host immune response and affect vaccine efficacy.
Homologous Recombination as a Major Driving Force in Sequence Diversity
The 152 nonvertical homologous genes contained 94.25% of the SNPs observed between Nm10259 and Nm9418.
The association of SNPs with nonvertical genes is a trend that holds true in other strains of identical STs (data not shown). Homologous recombination should therefore be considered as a predominant contributor to sequence divergence in Nm. With 94.25% of the SNPs in the nonvertical genes, the ratio of SNPs caused by recombination relative to mutation (r/m) can be calculated. If all remaining SNPs (5.75%) were caused by mutation, then the r/m ratio would be calculated as 94.25/ 5.75 ¼ 16.39. As suggested in Hao et al. (2011) that the identification of nonvertical genes was likely conservative, the r/m ratio 16.39 would probably have been underestimated. Nevertheless, the r/m ratio calculated based on the nonvertical genes is much higher than the ones estimated in previous Nm studies, such as 4.75 (Feil et al. 2001) , 5.37 , and 6.71 (Vos and Didelot 2009 ). This is, at least in part, due to our nonvertical-gene detection method developed specifically for clonally related strains. Similarly, Guttman and Dykhuizen (1994) have examined the clonal divergence of Escherichia coli strains in the ECOR group A and found that recombination has occurred at a rate 50-fold higher than the mutation rate (r/m & 50) in four loci, which is much greater than the estimated r/m ratio (0.7) in E. coli based on the MLST sequences (Vos and Didelot 2009 ).
RMSs as the Victims of Homologous Recombination
RMSs in Nm are sporadically distributed and many are involved in horizontal gene transfer (Budroni et al. 2011 ). This study observed that a number of RMSs have been disrupted by partial gene duplication, deletion, repeat-associated phase variation, and IS elements, suggesting a fast rate of RMS turnover during the Nm genome evolution. There is no significant association between the average sequence divergence of the RMS genes and the number of genomes present (P ¼ 0.14, Spearman's rank correlation test, supplementary fig. S9 , Supplementary Material online), supporting that the spread of RMSs was not straightly vertical. In fact, the adjacent restriction and modification genes in many RMSs were found to have remarkably different evolutionary histories. In other words, the RMSs in Nm, though once capable of limiting DNA exchange, are often involved in DNA exchange.
Transient Role of RMSs in Limiting DNA Exchange
RMSs are well recognized to protect bacteria against foreign DNA such as phage (Bickle and Kruger 1993) . Although RMSs might be capable to serve as a barrier to genetic exchange between Nm strains (Jeltsch 2003; Budroni et al. 2011) , it still remains unclear whether RMS plays an absolute role in limiting recombination between subpopulations or phylogenetic clades within a species (Fraser et al. 2007) . In this study, extensive homologous recombination was observed among different CCs in genes of all functional categories. In another highly recombinogenic bacterium, Helicobacter pylori, 48% of recombination endpoints were found within regions that overlapped with the recognition sites of active RMSs (Lin et al. 2009 ). In the M0579 EcoPI-ModD1 gene ( fig. 7) , the homologous recombination endpoint is likely located close to the end of the nonhomologous region, but there is no recognition site of any RMSs present in M0579 near this region. Moreover, our study observed that genes containing the NmeSI recognition sites have been exchanged between the NmeSI-containing and NmeSI-lacking clades ( fig. 8 ) and the NmeSI recognition site is not located within regions of recombination endpoints. These findings are consistent with the hypothesis RMS plays a transient or inefficient role in limiting DNA exchange among the Nm strains (Bart et al. 2001) . A similar conclusion has been drawn in another bacterial defense system against foreign DNA, E. coli CRISPRs. That is, CRISPRs do not seem to be efficient barriers to the spread of plasmids carrying an antibiotic resistance gene (Touchon et al. 2012) .
It has been previously shown that RMS genes are under rapid degradation and lack of selective pressure for maintenance (Seshasayee et al. 2012) , consequently, active function can most often be found in recently acquired RMSs (Lin et al. 2001) . In Nm, identical RMS sequences have been found between distantly related strains and a number of RMSs have been disrupted. This is in agreement with a transient functional role of RMSs in Nm. Furthermore, RMSs, even when functional, might not always be efficient in limiting DNA exchange in Nm. This role is unlike that in H. pylori, in which transformation is mediated by double-strand DNA (dsDNA) and active RMSs play an important role in limiting recombination length by cleaving dsDNA (Lin et al. 2009 ), homologous recombination in Nm generally occurs via transformation in competent strains, mediated by fragments of single-stranded DNA (ssDNA) (Dubnau 1999) . As ssDNA has been evident to be resistant to restriction endonucleases (Bickle and Kruger 1993) , it is possible that the uptake and integration of linear ssDNA fragments in Nm may be largely unaffected by different RMSs. Among the identified RMSs, some of them, especially the recently acquired ones, are believed to be functional. Additional studies and functional analysis of these RMSs could help define their role in Nm and answer the question whether active RMSs limit the recombination length in Nm as in H. pylori.
Is the Recombination Network in Nm Dynamic?
Different recombination partners were observed in recent recombination events compared with relatively ancient recombination events. The recombination partners in figure 4 were determined based on identical sequences, and a similar trend was observed when recombination partners were determined based on the nearest phylogenetic neighbor by DNA distance (supplementary fig. S8 , Supplementary Material online). Consistently, CC11 was found as the top recent recombination-partner clade with each of the two ST60 strains. The most straightforward explanation would be the ST60 strains shared similar ecological niches with strains in CC11, because DNA exchange tends to take place among strains in similar environments or ecological niches (Jain et al. 2003; Didelot et al. 2012 ). The two ST60 strains belong to serogroup C and three out of the four ST11 strains belong to serogroup C. There is a possibility that the ST60 strains shared ecological niches with some CC11 serogroup C strains and recurrent homologous recombination of each ST60 strain with the CC11 strains has taken place after the split of the two ST60 strains. Interestingly, CC11 was not among the major CCs (ST41/44, ST269, ST32, ST35, and ST162) recently identified for group B Nm isolated from invasive meningococcal disease (IMD) cases in Ontario (Jamieson et al. 2013) . The overrepresentation of CC11 as the ST60 recombination partner but a low proportion of CC11 isolates in recent IMD cases might be due to the very dynamic epidemiology of meningococcal disease (Baccarini et al. 2013 ) and many ST60 recombination events involving largely commensal Nm strains not causing IMD cases.
An alternative explanation to the significantly different distributions of the recombination partners would be that the genes observed identical between Nm10259 and Nm9418 have evolved at lower evolutionary rates than the nonvertical ST60 genes. To address such a concern, we measured the DNA distance between the Nl (N. lactamica) genome and the three Ng genomes, and compared that with the pairwise distance among the Nm genomes. It is clear that although the average DNA distance among the homologs of the nonvertical ST60 genes is significantly larger within Nm, the homologs of the nonvertical ST60 genes did not show accelerated divergence between the Nl and Ng genomes (supplementary fig. S11 , Supplementary Material online). It is therefore possible that the high similarity among the genes observed to be identical between Nm10259 and Nm9418 is largely due to frequent recombination within Nm.
In this study, we observed extensive genomic variation between strains with identical ST. On the other hand, there has been a general trend based on the epidemiological data that hyperinvasive lineages are stable over time with life spans of many years (Bertrand et al. 2011) . The discrepancy could be explained by the substantial difference in time scale of the comparisons, namely, between evolutionary time (in comparative genomics) and real time (in epidemiology). Another possible explanation is that strains in the same circulating hyperinvasive lineage might be of significant genomic variation, but overlooked by the current typing methods. As many more epidemiologically related sequencing data are being generated, it is becoming more feasible to test these hypotheses.
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